We examine limitations of carrier removal with a p-n junction in Raman devices, namely, ineffectiveness at high optical intensities due to the applied field being screened, electrical heat dissipation, and the possibility of thermal instability.
Introduction
The recent demonstrations of Raman lasers [1] , [2] along with observations of large Raman gain [3] , [4] , [5] have opened up new possibilities in silicon photonics for all-silicon photonic circuits. The main challenge in these devices is the nonlinear optical loss that competes with the Raman gain. This loss is due to absorption from free carriers that are created in the waveguide because of two-photon absorption (TPA) of the pump beam. This optical loss is proportional to the time it takes for carriers to leave the waveguide core. The carrier lifetime is therefore the critical parameter for CW operation, or for pulsed operation when the pulse repetition period is shorter than the carrier lifetime.
The intensity dependence of the carrier lifetime in a rib waveguide is examined for the case where a reverse biased p-n junction is used to sweep out the carriers. The carrier lifetime depends on the generation rate in the waveguide and therefore on the intensity of the pump beam. We used a commercial software (ATLAS, ATHENA v. 5.6.0.R Silvaco International) to find the carrier lifetime in a rib waveguide that is surrounded by a p-n junction as shown in Fig. 1 . The carrier lifetime, τ , was determined as a function of the applied voltage V and the optical intensity. The lifetime of the carriers is found to increase with an increase in the intensity because of the screening of the applied electric field by the carriers. This renders the junction ineffective at high optical intensities. The dissipated electrical power necessary to keep optical loss low is also quantified. We also discuss the thermal instability that can arise due to the significant electrical power dissipation.
Carrier lifetime at high optical intensities and power dissipation
We performed simulations for a rib waveguide with The total number of carriers generated by TPA at a pump intensity P I is
is the TPA coefficient of silicon, P E is the photon energy and EFF A is effective area of the optical mode. The generation rate G in the simulation is assumed to be uniform over the rib cross-section such that the total number of generated carriers is GwH . In this framework, the carrier lifetime is given by The most important feature in this plot is that for a given voltage, when the intensity exceeds a critical value, the lifetime rapidly increases. As the intensity is further increased the lifetime growth saturates. Furthermore, an increase in the reverse bias voltage shifts the critical intensity that must be exceeded for the lifetime to vary to higher values. , then when no generation rate is taking place, the applied field is
. Now if an electron-hole pair is generated, the particles will drift under the action of the applied electric field. We note that the carrier drift velocity in silicon has a nonlinear dependence on the applied electric field due to velocity saturation. Since the electrons and holes drift in opposite directions, a secondary electric field will be set up in the depletion region with direction opposite to the applied field. The applied electric field will be screened by the secondary field leading to an increase of the carrier lifetime as observed in Fig. 2(a) . The screening of the applied field by the carriers is the same effect that is responsible for the saturation of responsivity in high power photodetectors [7] . In the regime in Fig. 2(a) where saturation has set in, drift is negligible and carrier transport is governed by diffusion and recombination. In this case the lifetime should approach the lifetime of carriers in a a87_1.pdf ITuH4.pdf waveguide with no junction. Therefore, the difference in lifetime at the low and high intensity regimes in Fig. 2(a) , τ ∆ , is the lifetime reduction enabled by the junction.
The reduction in lifetime and the concomitant reduction in optical loss that is achieved with the p-n junction come at the expense of electrical power dissipation. Neglecting the recombination of carriers (this is permissible when the dominant current is the drift current) the current (per unit length of the waveguide) is simply determined by the generation rate as [8] . We note that the power dissipation per unit length is a strong function of pump intensity which varies along the waveguide length. Nonetheless, fig. 29(b) indicates that the reduction in nonlinear absorption comes at the expense of significant on-chip electrical dissipation. The most direct path to power reduction is lateral scaling of device dimensions as indicated in the expression for the lifetime when the generation rate can be neglected.
Another potential problem that may arise at high intensity is thermal runaway, which would necessitate use of a thermoelectric cooler to keep the device at room temperature. Device heating, caused by the flow of the photocurrent and high sweep out voltage, increases the temperature leading to an increase in the generation current. This further increases the temperature. This instability results in a sharp increase in reverse current, that can lead to excessive heating, or if the current is not clamped, to device failure [9] . To prevent this problem and to avoid the need for temperature stabilization, minimizing the sweep out voltage, which can be achieved by reducing the lateral dimensions, is important.
Conclusions
We presented numerical simulations for the lifetime of photo-generated carriers which are swept out by the electric field of a reverse biased junction formed along the waveguide. We determined the carrier lifetime as a function of the optical intensity and the applied junction voltage. The dependence on the intensity is due to the screening of the applied field by the photo-generated carriers, and can result in an increase in the lifetime by more than an order of magnitude. Hence this effect is expected to have significant implications for operation of silicon Raman lasers and amplifiers that employ carrier sweep out via a p-n junction. The limited effectiveness of the pn junction in removing the free carrier loss may explain the poor slope efficiency of the recently demonstrated CW laser (~4%) [2] compared to high efficiency (34%) observed in pulsed operation [10] . This work was supported by the MTO office of the Defense Advance Research Project Agency (DARPA). The authors would like to thank Dr. Jag Shah for his support.
